Utah had a high rate of pediatric pneumococcal empyema (PPE) prior to licensure of the pneumococcal conjugate vaccine (PCV-7) in 2000. The majority (62%) of PPE cases was due to nonvaccine serotypes, primarily Streptococcus pneumoniae serotype 1, multilocus sequence type (MLST) 227. PPE in Utah children has increased over the last decade. It is unclear whether the increase was due to serotype replacement or switch. In this study, we describe the incidence and molecular epidemiology of PPE by MLST in Utah children after the licensure of PCV-7. Empyema rates increased from 8.5/100,000 children in the state of Utah in 2001 to 12.5/100,000 children in 2007 (P ‫؍‬ 0.006). Ninety-eight percent was due to nonvaccine serotypes (P < 0.001 when compared to the pre-PCV-7 period). PPE was primarily due to serotypes 1, 3, 19A, and 7F, with MLST demonstrating sequence types (ST) that were commonly present in the United States prior to licensure of PCV-7. Serotype switch was not documented. Replacement disease with common ST of serotypes 1,3, 7F, and 19A rather than serotype switch was responsible for the increase in PPE in Utah children.
The prevalence of parapneumonic empyema (PPE), once a rare complication of pediatric pneumonia (17) , has been increasing worldwide over the last decade (10, 11, 13, 14, 19, 23, 26, 28, 30, 34, 37, 46) . In Utah, rates of pediatric empyema were increasing prior to the introduction of the seven-valent pneumococcal conjugate vaccine (PCV-7) in 2000 (2, 3) . In 1993, we documented empyema in 1/100,000 Utah children, and this rate increased 5-fold to 5/100,000 by 1999 (13) . Children with empyema and a positive bacterial culture from blood or pleural fluid were most likely to have Streptococcus pneumoniae serotype 1 infection (13) . Furthermore, we documented that all serotype 1 strains isolated in our population between 1996 and 2002 were multilocus sequence type (MLST) 227 (12) .
Following the licensure of PCV-7, the Utah pediatric population demonstrated immunization rates similar to those demonstrated by other regions of the United States but lower than those in the Centers for Disease Control and Prevention (CDC) Active Bacterial Core surveillance (ABCs) sites (http: //www.cdc.gov/abcs/index.htm). By 2003, 55% of Utah children had received three doses of PCV-7 by 35 months, compared to 59% nationally and 62% in states with ABCs sites (16) . In 2007, 88% of Utah children had received three doses of PCV-7 by 35 months, compared to 90% nationally and 92% in states with ABCs sites (15) .
In spite of vaccine uptake that was similar to the rest of the United States, children in Utah did not realize the same degree of decrease in invasive pneumococcal disease (IPD) reported in other parts of the United States (27, 47) . The limited effectiveness of the PCV-7 in Utah was in part a result of the rapid emergence of IPD, particularly empyema, due to nonvaccine serotypes (11, 12) .
Other investigators have identified nonvaccine serotypes, particularly 19A, as important causes of IPD following the licensure of PCV-7 (33, (39) (40) (41) 45) . Some isolates of 19A from children younger than 5 years old from the ABCs sites demonstrated serotype switching within certain vaccine serotypes (7, 40) . Capsular switching or transformation in pneumococci is a well-documented mechanism for the evasion of the host immune response (18) . Strain replacement (in part facilitated by capsular switching) in response to the selective pressure exerted by a successful pneumococcal vaccine program that targets a limited number of serotypes could limit the utility of PCV-7.
MLST is a nucleotide sequence-based typing system for bacteria and other organisms (32) . MLST is based on sequence variation within seven conserved "housekeeping genes" with essential functions. Changes in these gene sequences occur slowly, reflect evolutionary phylogeny, and are not affected by selection pressure. Different sequences at each locus are assigned distinct allele numbers, and "sequence types" (ST) are defined by the combination of alleles at the seven loci interrogated. In the case of S. pneumoniae, genes involved in capsular biosynthesis are not closely linked to MLST targets on the pneumococcal chromosome, so ST are generally unaffected by recombinational replacements that affect serotype switch events. Therefore, screening for new capsular associations found within established ST is an effective method to detect serotype switch events (22) .
The objectives of this study were to (i) describe the incidence of empyema in Utah children after the licensure of PCV-7, (ii) describe the molecular epidemiology of PPE in Utah in the years following licensure of the PCV-7 vaccine, and (iii) determine, by examining the MLST of PPE isolates, whether serotype replacement or serotype switch was occurring.
MATERIALS AND METHODS
Human subject protection. The Institutional Review Boards of the University of Utah and Intermountain Healthcare approved this study. A waiver of consent was granted.
Setting and identification of children with clinical empyema. We determined the incidence of pediatric empyema for the state of Utah by using clinical data obtained from Intermountain Healthcare (Intermountain) and hospital discharge data obtained from Utah's Indicator-Based Information System (IBIS) for Public Health (http://ibis.health.utah.gov/home). Intermountain owns and operates Primary Children's Medical Center (PCMC) in Salt Lake City, UT. PCMC is the only tertiary care children's hospital in Utah and provides care for over 80% of hospitalized children in the state. All Intermountain facilities share a computerized record system, and data are stored in the enterprise data warehouse (EDW). The EDW was queried for cases of empyema or pneumonia in children living in Utah and aged younger than 18 years that were recorded during 2001 to 2007. International Classification of Disease, 9th Revision (ICD-9), codes 510.0 to 510.9 for empyema and 481 to 482.9 for bacterial pneumonia were used to identify cases. The same codes (481 to 482.9) were used to identify cases of presumed bacterial pneumonia resulting in hospital discharge, using the IBIS database. Population-based incidence was then calculated using denominator data that included all children younger than 18 years in Utah as determined by the U.S. Census and a correction factor for the proportion of children cared for in Intermountain facilities.
Identification of culture-confirmed pneumococcal empyema. The PCMC clinical microbiology laboratory has archived all pneumococcal isolates from children with IPD since 1996. For this study, we recovered all pneumococcal isolates from children with PPE cared for at PCMC from January 2001 to February 2007. Isolates were from blood or pleural fluid.
Serotype and MLST analysis of pneumococcal isolates. Pneumococcal isolates were serotyped (by E.O.M.) at the time of initial identification, and the serotyping was repeated for this analysis by the capsular swelling method (Statens Seruminstitut and Daco). All pneumococcal isolates underwent MLST analysis (by K.G.H.). Following MLST analysis, an allelic profile query was performed using MLST.net (Imperial College London and Wellcome Trust) (1). Investigators performing the serotype and MLST analyses were blinded as to the year the isolate was recovered and all clinical information.
Nucleotide sequence accession numbers. The allelic sequence and clinical information for all pneumococcal isolates described in this study were deposited into MLST.net (Imperial College London and Wellcome Trust) on 1 September 2009.
RESULTS

ICD-9 coded cases of pediatric pneumonia and empyema.
During the study period, cases of hospitalized pneumonia in Intermountain facilities represented between 80% and 96% of all pediatric hospital discharges for pneumonia in the IBIS system (mean, 90%). Pediatric pneumonia hospitalization within Intermountain decreased by 1.4% per year (P ϭ 0.23). Conversely, cases of pediatric empyema increased by 5.4% per year (P ϭ 0.015). The rate of empyema in the Utah pediatric population increased from 8.5/100,000 children in 2001 to 12.5/ 100,000 children in 2007 (P ϭ 0.006) ( Table 1) . As a consequence of the decreasing rates of hospitalized pneumonia and the increasing rates of empyema, the proportion of hospitalized cases of pediatric pneumonia complicated by empyema, in Utah, increased from 24.8% in 2001 to 35 Culture confirmed pneumococcal empyema at PCMC. We identified 66 archived pneumococcal isolates from children diagnosed with PPE. Of these, 51 were viable and represent the study population for molecular analysis. Serotype analysis of culture-confirmed PPE at PCMC. From 2001 to 2007, 98% of PPE was due to pneumococcal serotypes that are not represented in the PCV-7 vaccine (Table 2 ). This represented a significant increase from the pre-PCV-7 years, when 62% of empyema was due to nonvaccine serotypes, as shown in Table 2 (P Ͻ 0.001) (13) . Four serotypes were responsible for 90% of PPE: serotypes 1 (33%), 3 (27%), 19A (26%), and 7F (4%).
MLST analysis. All viable isolates successfully underwent MLST analysis (Table 3 ). All ST correlated with serotypes, indicating that the ST could predict the serotype. These MLST findings indicate that for the most common serotypes resulting in empyema, 1, 3, 7F, and 19A, serotype replacement was occurring, rather than serotype switch.
For empyema due to serotype 1, the only ST demonstrated prior to 2001 was 227 (13) . In 2003, other ST were demonstrated, including ST 304, 306, and 2126, single-locus variants (SLV) of 227 and 306, and new ST, including 4288 and 4289. Figure 1B demonstrates 
DISCUSSION
This study demonstrates the dramatic increase in pediatric empyema cases in Utah in the years following the licensure of PCV-7. By 2007, more than one-third of pediatric hospitalizations for pneumonia were complicated by empyema. In Utah, PPE is now the most common form of IPD in children. The majority of PPE is due to serotypes 1, 3, 7F, and 19A, and many cases occur in children older than the current recommended age for immunization (4) . The molecular analysis of empyema isolates demonstrated that PPE in the postvaccine period in Utah was the result of replacement disease by nonvaccine serotypes.
We have documented high rates of empyema in the Utah pediatric population since 1993 (13) . Serotype 1 has consistently been associated with empyema and complicated pneumonia worldwide (24) . Serotype 1 was an important cause of IPD in Utah children prior to the introduction of PCV-7. While we continued to see a significant proportion of IPD caused by serotype 1, we also noted increases in serotypes 3, 7F, and 19A in the post-PCV-7 years. Serotypes 7F and 3 have been reported to cause complicated pneumonia and empyema in Spain (37) . Furthermore, serotype 7F has been associated with severe or fatal pneumococcal infection in children (43) . Serotype 19A has emerged as the most important cause of IPD in the United States in the postvaccine years (40) . Infection with 19A has been associated with meningitis (35) in 20 U.S. hospitals, mastoiditis (38) in Houston, TX, and pneumonia and empyema in the Alaskan native population (45) .
Our serotype and MLST analysis revealed that replacement ST were responsible for increases in empyema in the postvaccine period. For the serotypes 3, 7F, and 19A, MLST analysis revealed that the dominant ST for each of these three serotypes was the same as that commonly isolated in the United States prior to the introduction of PCV-7 (5). Molecular analysis of serotype 1 isolates demonstrated a decrease in the predominance of ST 227 and expansion of ST 304 and 306, members of the same lineage.
Prior to the introduction of PCV-7, all of serotype 1 isolates obtained from children in Utah were ST 227 (13 (9) . ST 2126 is also closely related to ST 227, differing at only the spi locus. Clonal expansion of specific ST of serotype 1 have been reported previously, including an epidemic of meningitis in Ghana and Burkina Faso associated with ST 217 (29, 48) and the carriage of ST 306 in healthy children following immunization with PCV-7 (36) .
The analysis of serotypes 3, 7F, and 19A revealed a limited number of ST. All serotype 3 isolates were ST 180, and both serotype 7F isolates were either ST 191 or an SLV of 191. In the United States, ST 180 and ST 191 represent the most common ST seen in serotypes 3 and 7F, respectively, both before and after the introduction of PCV-7 (5). Similarly, 12/13 (92%) of 19A isolates were ST 199 or SLVs of 199, the most common 19A ST in the United States, especially among children (5, 33, 40) . We were not able to demonstrate serotype switching in the 19A isolates from Utah children that resulted in empyema. Our findings were similar to those seen in Alaska, where the most common ST seen was ST 199 and serotype replacement that occurred following immunization with PCV-7 involved ST that existed in control communities (31) .
The pneumococcal strain distributions associated with pediatric empyema in Utah in the PCV-7 period is reflective of the complex ecology and epidemiology of pneumococci. In our analysis of pediatric empyema, we note an overall increase in (12) 304 (12) 306 (35) 2126 (SLV 227) (6) 4288 (24) 4289 (6) 4290 (SLV 306) (12) 3 (14) (14) 19A (13) The reasons for the increased rate of empyema in our population are unknown. S. pneumoniae strains differ in their abilities to invade different tissue sites, certain pneumococcal serotypes have a propensity to cause invasive disease and others are more often associated with colonization (6, 8) . It is also possible that the pneumococcal isolates in our study population contain virulence genes that confer an increased ability to invade the pleural space. Recent studies have demonstrated that strains of identical serotypes and ST can differ in the presence of important virulence determining loci (42, 44) . Ehrlich and others have observed that S. pneumoniae possesses a supragenome, comprised of all genes available for a species (20, 21) . Individual pneumococcal isolates contain core genes present in all members of the species, distributed genes shared in subsets of strains, and unique genes found only in a single strain (25) . Genetic material available in the supragenome may include unknown genes that confer the ability to invade the pleural space and thus have resulted in the significant increase in pediatric empyema that we have observed. We are currently testing this hypothesis through comparative genomic analysis of empyema isolates of multiple serotypes and ST. Our study has limitations. First, not all empyema isolates were viable. It is possible that some serotypes or ST may be less viable and are underrepresented. In addition, all of our pneumococcal isolates come from children in Utah, a single geographic location. Thus, our findings may not be representative, especially if pneumococcal diversity is related to geographic location. However, studies by Hiller et al. failed to demonstrate a correlation between genetic diversity and geographic distance (25) . Our own findings related to empyema caused by serotype 1 and the emergence of serotypes 3, 7F, and 19A are similar to reports from other parts of North America and Europe (28, 37, 45) .
In spite of the limitations, we believe our findings have several important implications. First, serotype replacement occurred rapidly following the introduction of the PCV-7 vaccine and is continuing to occur. The introduction of broader pneumococcal vaccines, such as PCV-13, may provide protection for the dominant serotypes present at the time of vaccine licensure, but new pathogenic strains may continue to emerge. The ecology of the organism changes under vaccine selective pressure, and we must be alert to changes in IPD clinical presentations and susceptible populations. Finally, in the monitoring of emerging pathogens, it will become increasingly important to identify genes from the supragenome that facilitate survival in different environments and develop surveillance mechanisms for these (20) .
